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Abstract 
The recent development of some lightweight construction materials, such as light concrete, can play an important role as an insulator, while 
maintaining sufficient levels of mechanical performance. The quality of insulation to provide depends on the climate, the exposure of the walls 
and also the materials used in the construction. The choice of a material to be used as an insulator, obviously, depends on its availability and its 
cost. 
This is a study of natural pozzolanas as basic components in building materials. It is intended to highlight their thermal advantage. It is 
economically advantageous to use pozzolana in substitution for a portion of the clinker as hydraulically active additions, as well as in 
compositions of lightweight concretes in the form of pozzolanic aggregate mixtures, which provide mechanical strengths that comply with 
current standards. 
A theoretical study is conducted on the apparent thermal conductivity of building materials, namely concrete containing pozzolana. Thermal 
modeling, apparent to that commonly used for porous materials, has been applied to pozzolana concrete. 
Experimental results on measurements of the apparent thermal conductivity of pozzolana concrete are reported in this study, using an 
approach that considers that concrete is composed of two solid ingredients, a binding matrix (hydrated cement paste) and all aggregates. A second 
comparative theoretical approach is used for the case where concrete consists of a solid phase and a fluid phase (air). 
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Nomenclature 
İ : Porosity 
ɮ : Heat flux ;[W] 
ɮj : Heat flow  produced by Joule effect of the resistance;[W] 
ɮd: Heat loss through the box;[W] 
ɮd: Conduction flux through the sample;[W] 
Ȝ : Thermal conductivity;[W/m.K] 
Ȝm: Measured thermal conductivity;[W/m.K] 
ȜParallèle: Thermal conductivity of parallel model; [W/mK] 
ȜSérie: Thermal conductivity of series model;[W/mK] 
Ȝf : Thermal conductivity in fluid phase;[W/mK] 
Ȝ
 s: Thermal conductivity of solid matrix;[W/mK] 
Ȝl  : Thermal conductivity of binding matrix;[W/mK] 
Ȝg : Thermal conductivity of grain ;[ W/mK] 
TC : TF: Temperatures of hot and cold sides of the sample;[C] 
Tatm: Atmospheric temperature; [°C] 
ȡapp : Apparent bulk density; [kg/m3] 
ȡl : Apparent bulk density of the binder; [kg/m3] 
ȡg : Apparent bulk density of grains;[kg/m3] 
ȡag : Absolute bulk density of grains;[kg/m3] 
ș : volume fraction of the portion arranged in parallel or series,  
in the mixed model 
1.  Introduction 
Our interest in lightweight construction materials is due to three main factors: 
1- The exhaustion of traditional building materials 
2- The significant growth in the housing market 
3- The need to conserve energy while ensuring thermal comfort in homes. 
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Weight reduction in these construction materials, such as lightweight concretes, can provide significant savings in money and 
manpower [1]. 
First, we consider predicting the behavior of two-phase materials using porous media models with a porosity-thermal 
conductivity relationship.  
Second, we consider, in a first approach, that the material consists of two solid phases, a binding matrix (hydrated cement 
paste) and all aggregates [2], and in the second approach that it consists of a solid phase (cement-aggregates paste) and a fluid 
phase (air). 
We are going to apply some apparent thermal conductivity prediction models for porous materials to pozzolana concretes. 
The results will enable us to determine the sensitivity of the models with respect to thermal conductivities of the solid phase, the 
fluid phase (air) and the porosity. 
2.  Définition 
Pozzolana is a non-binding aluminosilicate material, and in the presence of moisture, at room temperature, reacts chemically 
with calcium hydroxide (Ca (OH)
 2) to form compounds with binding properties [3]. It is of two kinds: natural pozzolana 
(sedimentary, volcanic and metamorphic rocks) and artificial pozzolana, found in the form of industrial by-products (blast 
furnace slag, fly ash, silica fume). 
3. Pozzolanic activity and its assessment  
Several methods have been proposed to explain the properties of pozzolanas and show that natural or artificial pozzolana is 
rich in silica and alumina which can:  
• react with lime in the presence of water 
• give through this reaction products with binding properties [4,5] 
From this definition, one can determine two test categories that, first, characterize the existence of a pozzolanic reaction, and 
second, highlight hydration products with binding properties and their influence on mechanical characteristics. 
The first category is mainly based on chemical determinations, while the second relies on physical methods, especially 
mechanical tests. 
4.  Thermo-physical characteristics of materials                                                                                                                             
The ability of heat to spread in a body or to be stored inside it is due to the thermo-physical characteristics of the materials used. 
The thermal conductivity is:         (1) 
                                                                             
The thermal diffusivity is:         (2)            
 
The thermal effusivity is:         (3)                   
       
The specific heat is:         (4)                     
5. Thermal conductivity measurement 
The measurement technique, used by [2], to determine the thermal conductivity is called the "boxes" method [6] (fig.1). It 
was developed in the Solar and Thermal Studies Laboratory at Claude Bernard University -Lyon 1 (Laboratoire d'Etude 
Thermiques et Solaires de l'Université Claude Bernard, Lyon 1). 
 
Figure 1:  The "boxes" apparatus 
The method of “boxes” is a method for measuring thermal conductivity under a steady state condition. It consists in keeping 
enclosure A at a lower temperature than the boxes, using the heat exchanger R. 
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The heater creates a temperature gradient across the sample.  
Temperature sensors are resistive thermal sensors for measuring surface and atmosphere temperatures.  
 
The Joule effect produced by the heater is:   (5) 
 
The heat loss through the box is:        (6) 
 
The conduction flux through the sample is:          (7) 
 
We already have          . Equations (5), (6) and (7) lead to the thermal conductivity expression in the form: 
 
(8) 
 
6. Theoretical approaches to results of thermal conductivity measurements. 
We purpose to demonstrate the approach of [2] and then, in a second approach, we consider that the material consists of a 
solid phase and a gaseous phase (air) so we can determine and interpret the apparent thermal conductivity of pozzolana concrete. 
Considering that pozzolana concrete is a porous material, we can say that: 
• Heat transfer by pure conduction takes place in gases enclosed in pores in the solid structure as well as in the liquid 
phase. 
• The convective movement inside the cells is negligible for the range of pore size <100 microns. 
• The fraction of radiation transmitted is zero because the wall temperatures are generally close to room temperature. 
6. 1 First Approach 
 In figure2, experimental results related to apparent thermal conductivities measurements of both types of concrete containing 
pozzolanic aggregates (solid concretes and no-fines concretes) are plotted as a function of the total porosity of concrete, 
determined using relationship (9), [2]. In this figure, we note that apparent thermal conductivity increases while porosity 
decreases.           
(9) 
 
The determination of porosity İ requires the measurement of ȡapp, ȡl and ȡg 
 
Figure 2: Variation of the measured apparent thermal conductivity (Ȝm) as a function of concrete porosity. 
The binding matrix (hydrated cement paste) and the entire aggregate is assumed to be a juxtaposition of plates in a parallel, 
series and mixed series–parallel model, inspired from the models of Krischer and Willy Soutwik [7](Fig. 3). 
The apparent thermal conductivity can be calculated from the series, parallel and mixed model, using relations (10), (11) and 
(12). 
(10) 
 
 
(11) 
 
The values of thermal conductivity of the binding matrix Ȝl   and aggregate Ȝg are determined experimentally. 
R
V
j
²
=φ
)( atmBdd TTC −=φ
)( FCec TT
e
A
−=
λφ
)(²)( atmBdFC
TTC
R
V
TTA
e
−−»¼
º
«¬
ª
−
=λ
lg
série
λ
α
λ
ε
λ
+
=
1
glparallèle ελαλλ +=
lg
lapp
ρρ
ρρ
ε
−
−
=
cdj φφφ +=
62  M Z BESSENOUCI et al. / Physics Procedia 21 (2011) 59 – 66
 
(12) 
 
 
(13) 
 
 
. Ȝ parallel and Ȝ series represent the thermal conductivity of layers arranged in parallel and series, respectively. 
With ș = volume fraction of the portion arranged in series. 
 
a)                                                     b)                               c) 
Figure-3: a) Parallel model; b) Series model c) Mixed model 
Figure 4 represents the evolution of thermal conductivities (series, parallel, mixed and measured) as a function of porosity. It 
is found that for both types of concrete, the measured thermal conductivities are between the values obtained by the series and 
parallel models. In the case of no-fines concrete, the series model seems to be closer to the experimental results; however the 
mixed model shows a certain correlation for porosity values ranging from 31.00% to 47.00%. As for the case of solid concrete, 
the mixed model values of the apparent thermal conductivity are in perfect conformity with the measured ones. 
 
Figure 4 Variation of the apparent thermal conductivity Ȝapp measured and calculated using the three models as a function of concrete porosity (İ), 
for the first approach;  Ȝ measured,  parallel model,  series model,   mixed series-parallel model.  
6.2 Second approach 
6.2.1 Apparent thermal conductivity of concretes for series, parallel and mixed models. 
In this approach, we consider that pozzolana concrete consists of a solid phase (cement paste + aggregate) and a fluid phase 
(air). So we introduce the concept of the thermal conductivity of a solid matrix Ȝs and that of a fluid phase (air) Ȝf The thermal 
conductivity of a granular medium depends strongly on the thermal conductivity of the solid phase. In order to estimate its 
influence on the apparent thermal conductivity, some values of thermal conductivity of the solid phase are introduced in the 
models.  
 We calculated apparent thermal conductivities using series, parallel and mixed models represented by relations (14), (15) 
and (16)                                                       
(14) 
 
(15) 
 
 
(16) 
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With ș = volume fraction of the portion arranged in parallel  
                   
(17) 
 
 
Porosity is a very important physical parameter to determine properties at the macroscopic level. It can be calculated from 
formula (18), [8]: 
            (18) 
Variations of thermal conductivities as a function of porosity, calculated by formula (18), are shown in figures 5 to 7, for some 
typical values of the solid conductivity. 
 
Figure 5 : Variation of apparent thermal conductivity Ȝapp measured and calculated by the three models as a function of concrete porosity (İ) for 
both approaches;  Ȝ measured, , parallel model,  series model,  series-parallel mixed model (first approach); 
 parallel model,  series model,  series-parallel mixed model         (second approach) (Ȝs =0,7 W/m.K) 
In Figure 5, when Ȝs = 0.7 W/mK, the values for parallel and series models are both below the measured values. We also note 
that, for no-fines concrete, the parallel model is closer to the measured conductivity for porosity values ranging between 55% and 
61%. In the first approach, the two bounds are close enough; however, in the second one, the gap is very large. 
The  mixed model values are above the limit values, represented by both parallel and series models. This is true for both 
types of concrete. We also note that the mixed model values get closer to the apparent thermal conductivity values, measured for 
solid concrete. 
In Figure 6, when Ȝs = 1 W/mK, the apparent thermal conductivity values that are measured are between the two bounds of 
the series and parallel models.  Furthermore, parallel model values are very close to the parallel model values, in the first 
approach.  
The changing values of the mixed model are still within the limits of the parallel and series models. In general, the mixed 
series-parallel model results are in good agreement with the measured values  in the case of solid concrete. This is true for all 
solid conductivity values  Ȝs introduced. Compared to the mixed series-parallel model of the first approach, the values of the 
parallel, of the first approach, remain quite similar. 
 
Figure 6 : Variation of apparent thermal conductivity Ȝapp measured and calculated by the three models as a function of concrete porosity (İ) for 
both approaches;  Ȝ measured, , parallel model,  series model,  series-parallel mixed model (first approach); 
 parallel model,  series model,  series-parallel mixed model        (second approach) (Ȝs = 1 W/m.K) 
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Figure 7 : Variation of apparent thermal conductivity Ȝapp measured and calculated by the three models as a function of concrete porosity (İ) for 
both approaches;  Ȝ measured, , parallel model,  series model,  series-parallel mixed model (first approach); 
 parallel model,  series model,  series-parallel mixed model        (second approach) (Ȝs = 2 W/m.K) 
When Ȝs  exceeds the 1w/mK threshold value, the measured values still remain between the upper and lower limits of the 
parallel and serial models. As Ȝs increases, the gap between the two bounds becomes larger, which means that the solid phase 
imposes the total conductivity (Fig.7). 
 Observing the different curves of the three models (series, parallel and mixed series-parallel) for both approaches, we see 
that the results in figure 5 can help us deduce the thermal conductivity value Ȝs of the solid matrix. We find out that:  
• Les résultats du modèle parallèle de la deuxième approche sont très proches des valeurs du modèle parallèle de la 
première approche. 
• the results of the parallel model in both approaches are very close.                                                   
• the curves of the measured thermal conductivity of the mixed series-parallel model for both approaches are 
between the values obtained by the parallel model in both approaches and those of the series model in the second 
approach.   
     From these two observations, we can make a preliminary assessment of the thermal conductivity Ȝs of the solid matrix, and 
say that it will be close to 1 W/m.K. 
6.2.2 Apparent thermal conductivities of concretes according to the model of Hashin and Shtrikman. 
Just like the series and parallel models which exhibit upper and lower extreme bounds of the thermal conductivity, this model 
is based on the same assumption except that these bounds are more restrictive. Equations (19) and (20) give the respective lower 
and upper bounds of the apparent thermal conductivity [9]. 
 
(19) 
 
 
 
 
(20) 
 
 
 
 
For both types of concrete, calculations were made using this model for the following solid thermal conductivity values: Ȝ
 s = 
0.9, 1 and 1.2 w/mK. 
In figures 8 (solid concrete portion) and 10, the curves of the mixed series-parallel model and that of the measured 
values are either above or below those of the Hashin and Shtrikman model. With the exception of no-fines concrete (fig.8), one 
finds that the measured conductivity values are very close to the upper Hashin bound, within a porosity interval ranging between 
47% and 51%. 
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Figure 8 : Comparison of the variation of apparent thermal conductivity obtained by the model of Hashin and Shtrikman with that of the mixed 
model as well as the measured values as a function of concrete porosity (İ), using the second approach;   Ȝ measured,      
series-parallel mixed model (second approach);   Hashin and Shtrikman model ( max);  Hashin and Shtrikman model (min) (Ȝs 
= 0,9 W/m.K) 
From figure 9, one can see that, for solid concrete, the curve of the mixed series-parallel model of the second approach and 
that of the measured conductivity are between the upper and lower values of the Hashin and Shtrikman model. The values of the 
measured conductivity of no-fines concrete are very close to the lower bound of Hashin, inside a porosity interval ranging from 
47% to 51%.  
 Overall, the results obtained for Ȝ
 s = 1W/mK, for this model, corroborate the second approach conclusion on the thermal 
conductivity value of the solid phase. It can range from 0.9 to 1 W/m.K. 
 
Figure 9 : Comparison of the variation of apparent thermal conductivity obtained by the model of Hashin and Shtrikman with that of the mixed 
model as well as the measured values as a function of concrete porosity (İ), using the second approach;   Ȝ measured,      
series-parallel mixed model (second approach);   Hashin and Shtrikman model ( max);  Hashin and Shtrikman model (min) (Ȝs 
= 1 W/m.K) 
 
Figure 10 : Comparison of the variation of apparent thermal conductivity obtained by the model of Hashin and Shtrikman with that of the mixed 
model as well as the measured values as a function of concrete porosity (İ), using the second approach;   Ȝ measured,      
series-parallel mixed model (second approach);   Hashin and Shtrikman model ( max);  Hashin and Shtrikman model (min) (Ȝs 
= 1,2 W/m.K) 
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7. Conclusion 
The study of the influence of porosity and conductivity on thermal conductivity, in both phases, was carried out, by 
comparing the experimental results and predictions, using analytical calculations in theoretical models.  
The boundary gap of the series and parallel models is too important to be a predictive modeling of heat conduction. 
The Hashin-Shtrikman model, based on spherical inclusions inside a matrix, allows determining the most restrictive bounds 
between which the experimental results are necessarily found. This model has shown great sensitivity to the solid phase thermal 
conductivity, in such a way that for values greater than 1 W/mK, the upper and lower bounds become equal and sometimes the 
minimum exceeds the maximum. This model was selected for a possible prediction of thermal conductivity in a porous material, 
such as pozzolana concrete. It requires knowledge of the thermal conductivity value of the solid matrix.. 
From the variation of the mixed model values in the first and second approaches, figures 4 to10, one can see that the apparent 
thermal conductivity remains of the same order of magnitude, for any value of the solid matrix conductivity. In addition, the 
experimental setting represented by the volume fraction ș of the portion arranged in parallel or series, in the mixed model, 
ensures that this model heavily depend on the accuracy of the experimental measurements.   
From the results obtained in this modeling study, the following conclusions are drawn: 
The predictions of the apparent thermal conductivity obtained by analytical calculations are strongly influenced by the 
assumptions made on the models of the porous structure. These models show an increase in thermal conductivity when the 
porosity decreases. 
We have also shown the significant influence of the thermal conductivity value of air when the void ratio becomes large (> 
50%). 
For both approaches, the objective was to predict the thermal conductivity value of a porous material. This prediction 
requires several steps: 
• A characterization step where porosity rate is measured and porosity organization is observed.  
• A second step where thermal conductivities of both phases (solid and gas) as well as pore and grain sizes are 
determined. 
• Finally, the most difficult step is to choose an analytical model where assumptions about the geometry and arrangement 
of the phases are close to the actual microstructure. The results obtained during this study provide evidence that can guide this 
choice. 
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